Objective-We examined the association of cardiovascular health (CVH) metrics with the development and progression of coronary artery calcium (CAC) among apparently healthy adults. Approach and Results-This cohort study included 65 494 men and women 30 years of age and older free of cardiovascular disease at baseline who underwent a comprehensive exam including CAC scoring. CVH metrics were defined according to the American Heart Association Life's Simple 7 metrics based on smoking, diet, physical activity, body mass index, blood pressure, total cholesterol, and fasting glucose. CVH scores range from 0 (all metrics considered unhealthy) to 7 (all metrics considered healthy). Participants were followed-up for a maximum of 6.6 years. Compared with participants with ideal CVH scores 0-1, the multivariable-adjusted difference in the change in geometric means of CAC scores over 5 years of follow-up were −0.40 (−0.62 to −0.19), −0.83 (−1.03 to −0.63), −1.06 (−1.25 to −0.86), −1.22 (−1.42 to −1.03), and −1.05 (−1.42 to −0.69) in participants with ideal CVH scores 2, 3, 4, 5, and 6-7, respectively. The inverse association between CVH scores and progression of CAC was observed both in participants with no CAC and in those with CAC detectable at baseline. Conclusions-A higher ideal CVH metrics score was strongly associated with a lower prevalence of CAC and with lower progression of CAC in males and females in a large cohort of healthy adults. Our findings suggest that maintaining a healthy life habits could help reduce the development and progression of subclinical atherosclerosis and ultimately prevent clinically cardiovascular event. Visual Overview-An online visual overview is available for this article. 
I n 2010, the American Heart Association published recommendations for the general population to reduce cardiovascular disease (CVD) morbidity and mortality by achieving 7 specific cardiovascular health (CVH) behaviors and factors (Life's Simple 7), including smoking, diet, physical activity, body mass index, blood pressure, total cholesterol, and fasting glucose. 1 Subsequent studies and meta-analyses of prospective studies have reported that ideal CVH metrics were strongly and inversely associated with the risk of developing clinical CVD events, CVD mortality, and all-cause mortality. [2] [3] [4] See accompanying editorial on page 531 CVH metrics have also been associated with subclinical atherosclerosis, including coronary artery calcium (CAC), [5] [6] [7] [8] [9] [10] but only 2 cohorts have evaluated the association with CAC progression. 9, 10 One cohort had a prevalence of type 1 diabetes mellitus of almost 50%, and thus had limited generalizability to the lowrisk general population. 9 In the Framingham study, having an unfavorable CVH profile was associated with CAC progression among 1119 participants with zero CAC score at baseline, but this study lacked dietary information and could only evaluate 6 of Life's Simple 7 metrics. 10 The association of CVH metrics with CAC progression in low-risk populations has not been examined. Therefore, we examined the association of the American Heart Association Life's Simple 7 CVH metrics with the development and progression of CAC in a large cohort of low-risk adults who participated in a health screening exam program.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Study Population
The Kangbuk Samsung Health Study is a cohort study of Korean men and women aged 18 years or older who underwent a comprehensive annual or biennial health examination at the Kangbuk Samsung Hospital Total Healthcare Centers in Seoul and Suwon, South Korea. 11, 12 More than 80% of the examinees are employees of private companies and government organizations and their spouses. In South Korea, the Industrial Safety and Health Law requires annual or biennial health screening examinations of all employees, free of charge. Other examinees voluntarily purchased health checkups at the healthcare center.
The study population included participants 30 years of age or older who underwent a comprehensive health exam including a cardiac computed tomography to measure CAC scores and had information on all 7 components of Life's Simple 7 CVH metrics from March 1, 2011, (when food frequency questionnaires [FFQ] were added as part of the health questionnaires) to December 31, 2016, (N=66 338) . We then excluded 844 participants with a history of CVD at baseline. The total number of participants included in the analysis was 65 494 (51 544 men and 13 950 women) ( Figure I in the online-only Data Supplement).
The study was approved by the Institutional Review Board of the Kangbuk Samsung Hospital, which waived the requirement for informed consent because of the use of deidentified data obtained as part of routine health screening exams.
Measurements
All health examinations were performed at the Kangbuk Samsung Hospital Health Screening Center clinics in Seoul and Suwon. Demographic characteristics, smoking status, alcohol consumption, physical activity, educational level, medical history, and family history of CVD were collected by standardized, self-administered questionnaires as previously described. 11, 12 Smoking status was categorized as never, former, and current smoker. Alcohol consumption was categorized as 0, ≤20, and >20 g/d, and education level was categorized as less than college graduate and college graduate or more. Family history of CVD was defined as a self-reported diagnosis of heart disease or stroke in one or more first-degree relatives. Physical activity was assessed using the validated Korean version of the International Physical Activity Questionnaire short form. 13 Usual dietary intake was assessed using a 103-item self-administered FFQ designed and validated for use in Korea.
14 The validity and reproducibility of our FFQ were evaluated by comparing nutrient and food intakes derived from the FFQ with those of twelve 24-hour dietary recalls during 4 seasons and with a second FFQ administered 1 year later.
14 Total energy and nutrient intakes were calculated using food composition tables developed by the Korean Nutrition Society. 15 Height, weight, and blood pressure were measured by trained nurses. Height was measured to the nearest 0.1 cm using a stadiometer with the examinee standing barefoot. Weight was measured to the nearest 0.1 kg with the examinee wearing a light gown and barefoot using a bioimpedance analyzer (Inbody 720, Biospace Co, Seoul Korea), calibrated daily. Body mass index was calculated as weight in kg divided by height in m 2 . Overweight was defined as body mass index ≥23 kg/m 2 , the proposed cutoff for Asian populations. 16 Blood pressure was measured with the examinee seated with the arm raised at the heart level using an automated oscillometric device (53000, Welch Allyn, NY). Blood samples were drawn from the antecubital vein after at least a 10-hour fast. Blood tests included total cholesterol, LDL (low-density lipoprotein)-cholesterol, HDL (high-density lipoprotein)-cholesterol, triglycerides, fasting glucose, and high sensitivity C-reactive protein.
Life Simple 7 CVH metrics
CVH metrics were defined according to the American Heart Association Life Simple 7 factors. 1 Ideal CVH metrics were defined as follows: (1) Smoking: never or former smoker; (2) Body mass index<23 kg/m 2 ; (3) Physical activity: ≥150 min/wk of moderateintensity physical activity, ≥75 min/wk of vigorous intensity physical activity, or ≥150 min/wk of moderate or vigorous intensity physical activity; (4) Diet: 4 or 5 healthy dietary components as defined below; (5) Total cholesterol <200 mg/dL; (6) Blood pressure <120/80 mm Hg; (7) Fasting glucose <100 mg/dL. 1 For diet, the ideal metric was determined based on intake of the following 5 healthy dietary components: fruits and vegetables (≥450 g/d), fish (≥198 g/ wk), fiber-rich whole grains (≥85 g/d), sodium (<1500 mg/d), sugarsweetened beverages (≤1 liter/wk).
To calculate the ideal CVH score, each ideal CVH metric was given 1 point and the number of ideal CVH metrics was added for each participant (range 0-7 points). Ideal CVH scores were categorized as 0-1, 2, 3, 4, 5, and 6-7 because only 1671 (2.14%) and 33 (0.04%) participants had scores of 0 and 7, respectively.
CAC Score
CAC was measured with a Lightspeed VCT XTe-64 slice MDCT scanner (GE Healthcare, Tokyo, Japan) in both study centers using the same standard scanning protocol 12 with 2.5 mm slice thickness, 400 ms rotation time, 120 kV tube voltage, and 124 mAS (310 mA × 0.4 seconds) tube current under ECG-gated dose modulation. CAC scores were calculated as proposed by Agatston et al. 17 The interobserver and intraobserver reliability for CAC scores were high (intraclass correlation coefficient of 0.99).
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Statistical Analyses
We used linear mixed models with random intercepts and random slopes 19 to estimate CAC scores and their progression over time adjusting for baseline potential confounders. Since CAC scores were markedly right-skewed, we transformed the scores into log e (CAC +1) for analyses. We then estimated the marginally adjusted geometric means at baseline, at 5 years, and the 5-year change in geometric means of CAC scores for each ideal CVH score category and compared these estimates to the reference category (CVH scores 0-1). Geometric means were calculated by averaging the predicted log-transformed (CAC +1) scores across participants and back-transforming the predicted results. The main analysis was conducted in the overall cohort, but we also conducted separate subgroup analyses among participants with baseline CAC >0 and with CAC=0.
Study participants have been recruited continuously into the study beginning in 2011 and many of the participants recruited in more recent years did not yet have a second CAC score measurement before study termination. However, we cannot exclude the possibility that participants who have 2 or more CAC measurements are different from participants who have a single CAC measurement (selection bias). To account for potential differences between participants with a single CAC measurement and those with 2 or more CAC measurements, we estimated the probability of having 2 or more CAC measurements as a function of baseline characteristics. In our primary analysis, each individual was weighted by the inverse of the predicted 20 IPWs were also created separately for participants with baseline CAC >0 and with CAC =0 and were applied in the analyses stratified by the baseline CAC score. For sensitivity analyses, we repeated the analyses without using IPWs.
In addition to the mixed model analyses, we used a parametric survival model (Royston-Parmar model) 21 to estimate hazard ratios and 95% CI for the development of coronary calcium (incident CAC >0) by baseline ideal CVH score categories among participants with baseline CAC =0. Because incident CAC >0, if it did occur, would have occurred at an unknown time point between the visit at which it was observed and the previous visit, the parametric survival models (Royston-Parmar models) were used to account for this type of interval censoring. These estimates were also corrected for potential differences in participant characteristics for having 2 or more CAC measurements using IPWs.
We used 2 nested models to adjust for potential confounders. In Model 1, we adjusted for baseline age and sex. In Model 2, we further adjusted for alcohol intake, education level, medication for hyperlipidemia, and family history of CVD. Additional subgroup analyses stratified by sex (men versus women) were performed because there may be sex-related differences in the association of CVH metrics with baseline CAC or its progression. In the sex-stratified analyses, because of the small number of women with CAC >0 at baseline, we combined the first 2 categories of the CVH metrics score (groups 0-1 and 2) for the analyses restricted to women with CAC >0 at baseline. Interactions between CVH metrics and sex were tested using likelihood ratio tests that compared models with versus without multiplicative interaction terms. Statistical analyses were performed using Stata version 15.0 (StataCorp LP, College Station, TX). P values <0.05 were considered statistically significant.
Results
The mean (SD) age of the 65 494 study participants was 41.3 (7.4) years, 78.7% of them were men, and the median ideal CVH score category was 3 (Table 1) . At baseline, 39.8%, 26.4%, and 33.8% of study participants had ideal CVH scores ≥4, 3, and ≤2 were, respectively ( Table 2) . Participants in higher ideal CVH score categories were on average younger, more likely to be women, had lower levels of triglycerides, high sensitivity C-reactive protein, and LDL-cholesterol, higher levels of HDL-cholesterol, and were less likely to have high alcohol intake, CAC >0, and Framingham risk scores >10% than participants in lower ideal CVH score categories (Table 1 ). These associations were similarly observed in both participants with a single CAC measurement and those with 2 or more CAC score measurements (Tables I through IV in the online-only Data Supplement).
At baseline, participants with ideal CVH scores 0-1 had the highest adjusted average CAC scores, and the average CAC scores decreased progressively with increasing ideal CVH scores (Table 3) . Among the study participants, 18 237 (27.8%) participants had a follow-up CAC score, including 14 554 (22.2%) participants with 2 CAC measurements, and 3683 (5.6%) participants with 3 or more CAC measurements. The median (interquartile range) follow-up time among participants with 2 or more measurements was 3.1 (2.0-4.2) years, and the median time between the first and second CAC measurement was 2.6 (1.8-3.9) years. Average Numbers in the table are mean (SD), median (interquartile range), or percentages. High alcohol intake defined as >20 g/day; higher education defined as college graduate or more. BMI indicates body mass index; CAC, coronary artery calcium; CVD, cardiovascular disease; CVH, cardiovascular health; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; and SBP, systolic blood pressure.
CAC scores increased in all groups over follow-up, but the average increase was significantly lower in participants with higher ideal CVH scores. (Table 5) .
Among participants with baseline CAC=0 and at least 1 follow-up CAC measurement (n=13 943), we calculated the hazard ratios for developing CAC >0 over follow-up (median follow-up 3.2 years; maximum 6.6 years). Values in the table were estimated from a random intercept and random slope mixed model for log e (CAC +1) with inverse probability weights (see text for details) and adjusted for baseline age, sex, alcohol intake, education, use of cholesterol medication, and family history of cardiovascular disease. All P values for trend across CVH score categories were highly statistically significant (P<0.001). CAC indicates coronary artery calcium; and CVH, cardiovascular health.
ideal CVH scores 2, 3, 4, 5, and 6-7, respectively (Table 6 ; Figure II in the online-only Data Supplement).
In sex-stratified analyses (Tables V through XIV in the online-only Data Supplement), the overall patterns of higher CAC at baseline and more severe progression of CAC over time were evident in both men and women. At baseline, CAC scores for each CVH metric were significantly different between men and women (P for interaction <0.001), but the progression of CAC by CVH metric was similar between men and women (P for interaction=0.24). The progression of CAC by CVH metric was also similar between men and women when analyses were performed separately among those with prevalent CAC (CAC >0) at baseline and those with no CAC (CAC=0) at baseline.
The results did not materially change in analyses that did not use IPWs to account for potential differences between participants with a single CAC measurement and those with 2 or more CAC measurements.
Discussion
In this large study of young-and middle-aged Korean adults without CVD, a higher number of ideal CVH metrics had a strong and graded association with a lower risk of development and progression of CAC. This inverse association was observed both in participants with no CAC and in those already with CAC at baseline. The ideal CVH score was an independent predictor of the presence and the progression of subclinical coronary atherosclerosis regardless of the presence of baseline subclinical atherosclerosis.
Several cross-sectional studies have already shown an inverse association between ideal CVH metrics and prevalent CAC scores. [5] [6] [7] [8] Among 1731 predominantly white men and women in the National Heart, Lung, and Blood Institute Family Heart Study (mean age 56.8 years), 8 the odds ratio (95% CI) for CAC ≥100 comparing participants with ideal CVH scores 2, 3, and ≥4 to those with ideal CVH scores 0-1 were 0.37 (0.29-0.45), 0.35 (0.26-0.44), and 0.27 (0.20-0.36), respectively. Similarly, among 3121 predominantly white men and women in the Cooper Clinic study (mean age 61.7 and 53.9 years in men and women, respectively), the odds ratio (95% CI) for CAC >0 comparing participants with ideal CVH scores 3 and 4-7 to those with ideal CVH scores 0-2 were 0.68 (0.57-0.82) and 0.41 (0.34-0.50), respectively, 7 and among 2999 Chinese men and women 40 years of age and older, the prevalence of CAC >0 was lower in the upper 3 quartiles of ideal CVH score compared with the lowest quartile in a doseresponse manner. 6 In an analysis of 4077 participants with no prior history of cardiovascular disease as a part of the Brazilian Values in the table were estimated from a random intercept and random slope mixed model for log e (CAC +1) with inverse probability weights (see text for details) and adjusted for baseline age, sex, alcohol intake, education, use of cholesterol medication, and family history of cardiovascular disease. All P values for trend across CVH score categories were highly statistically significant (P<0.001). CAC indicates coronary artery calcium; and CVH, cardiovascular health. Values in the table were estimated from a random intercept and random slope mixed model for log e (CAC +1) with inverse probability weights (see text for details) and adjusted for baseline age, sex, alcohol intake, education, use of cholesterol medication, and family history of cardiovascular disease. All P values for trend across CVH score categories were highly statistically significant (P<0.001). CAC indicates coronary artery calcium; and CVH, cardiovascular health.
Longitudinal Study of Adult Health (ELSA), participants with ideal risk factor profiles had lower CAC when compared to subjects with fewer risk factors. 22 Among 1850 participants in the Multi-Ethnic Study of Atherosclerosis, those with no traditional cardiovascular disease risk factors were significantly more likely to have persistent CAC=0. 23 Finally, among 875 men and women in the Mediators of Atherosclerosis in South Asian Living in America, a 1 unit increase in the ideal CVH score was associated with 32% lower odds of CAC 1-400 versus CAC=0. 5 Only 2 studies have evaluated the longitudinal association between ideal CVH metrics and CAC progression.
9,10 Among 1177 men and women in the Coronary Artery Calcification in Type 1 Diabetes study, a higher ideal CVH score was significantly associated with CAC progression (odds ratio 0.76; 95% CI, 0.61-0.95). 9 Almost half of the participants in this study were patients with type 1 diabetes mellitus and the findings may be not generalizable to the general population. 9 Among 1119 men and women in the Framingham Heart Study with no coronary calcium at baseline, participants with ≤2 CVH metrics at baseline had a greater risk of CAC progression (odds ratio 2.43; 95% CI, 1.40-4.23) compared with those with ≥5 CVH metrics, but this study was limited by lack of dietary metrics. 10 In our study, using all 7 ideal CVH metrics allowed us to classify the study sample into 6 groups with a strong and graded risk of progression of CAC. Only a small proportion of participants had all 7 CVH metrics (0.04%). The CVH metric that was most frequently unmet was an ideal diet, and only 1.3% of participants fulfilled this ideal habit. This is consistent with other studies, as an ideal diet is often the most common unmet CVH criteria. 5, 8, 9 In our study, the most frequently met CVH metric was smoking (70.1% of participants were never or former smokers), although this was partly achieved because of a low prevalence of smoking among women. Our population was relatively young, educated, and actively participating in health screening exams. The high frequency of unmet CVH metrics in our population, a problem that has been observed in many other populations around the world, highlights the substantial educational and preventive work that is still needed to effectively control the cardiovascular disease.
Although traditional risk factors are associated with the presence of CAC and its progression, the American Heart Association has introduced CVH scores as a comprehensive and easily applicable assessment tool in clinical settings to promote adherence to healthy behaviors and not just to modify adverse behaviors when they arise. Identifying adverse risk factors (eg, elevated cholesterol or elevated blood pressure) and treating those at the highest risk for CVD events can help reduce avoidable events but cannot fully address the entire risk distribution in the population. 1, 24 Individuals with markedly elevated levels of risk factors are relatively uncommon in the population, whereas the majority of CVD events occur in individuals with average or only mildly adverse levels of risk factors. 1 Additionally, once risk factors are present even in young adults, CVD risk in later life is substantial. 1, [25] [26] [27] Thus, the rationale for introducing CVH metrics was to change the focus from disease prevention and treatment to health promotion and enhancement. 1, 28 While primary prevention is concerned with treating risk factors to prevent disease, primordial prevention is concerned with avoiding the development of risk factors in the first place.
1,28,29 LS7 was introduced to emphasize primordial prevention through the achievement and maintenance of ideal CVH metrics. 1, 25 Our study findings suggest that achievement of ideal CVH metrics (instead of simply preventing adverse risk factors), can prevent early atherosclerosis even in a low-risk relatively young population, reaffirming the importance of adopting ideal CVH metrics.
The presence of CAC has been well established as a strong predictor of cardiovascular events. Regardless of the presence of CAC, CAC progression is also an independent predictor of adverse cardiovascular events, 30, 31 although the robust interpretation of CAC progression is complex because CAC progression can reflect either plaque progression or plaque stabilization. 32 As an example, at least part of the progression in CAC scores after statin use reflects the plaque-stabilizing effect of statins. 33 In our study, a higher number of ideal CVH metrics scores was associated with both a lower prevalence of CAC and with a lower progression of CAC, even after adjusting for statin use. Also, among participants with prevalent CAC at baseline, increased awareness of cardiovascular risk and behavioral changes during follow-up could attenuate the association between baseline CVH metrics and subsequent CAC scores, but we still observed a significant inverse association between ideal CVH metrics and CAC progression. Furthermore, this association was consistently observed in participants with no coronary calcium at baseline who might have not been affected by this type of bias. Values in the table were estimated from proportional hazards regression models using inverse probability weights. Model 1 adjusted for age, sex, and center. Model 2 further adjusted for alcohol, education, use of cholesterol medication, and family history of cardiovascular disease. Model 3 further adjusted for use of cholesterol medication at baseline. All P values for trend across CVH score categories were highly statistically significant (P<0.001). CAC indicates coronary artery calcium; and CVH, cardiovascular health.
Our study had multiple strengths. The large sample size enabled us to evaluate separately participants with no coronary calcium and with prevalent coronary calcium at baseline. The ideal CVH score was a strong predictor of both the first appearance of coronary lesions and of the progression of coronary calcium in those with prevalent disease at baseline, suggesting that the CVH score may be relevant to prevent both the initiation and the progression of subclinical atherosclerosis. The large sample size also allowed us to evaluate individual CVH score categories, showing a clear progressive increase in risk with decreasing CVH metrics. In addition to the large sample size, we had information on all 7 CVH metrics, including diet, collected using validated instruments and carefully trained examiners. Furthermore, our study population was composed of relatively young and apparently healthy participants, making it less likely that our findings were affected by confounding or selection biases because of comorbidities, medication use, and selective survival compared with studies in older populations.
Several limitations need to be taken into account in the interpretation of our findings. First, information on lifestyle factors including diet was obtained via questionnaires. Even though these questionnaires have been validated, some degree of measurement error in these variables remains, likely resulting in misclassification of CVH metrics and in an underestimation of the associations. Second, not all study participants underwent a second computed tomography scan, mainly because there was not enough follow-up time for many participants to receive a second follow-up exam. To address this possibility of selection bias, we used IPWs based on the determinants of having a second computed tomography scan over the follow-up period. The results using IPWs and those of unweighted analyses were similar, suggesting that the impact of selection bias on our findings was minimal.
Third, participants were notified of the results of the initial CAC test, and those with an initial positive CAC score may have modified their behavior and adopted preventive measures. Increased awareness of cardiovascular risk and motivation for behavioral change among participants with prevalent CAC at baseline, however, would tend to reduce the association between baseline CVH metrics and future CAC scores. Furthermore, the inverse association between ideal CVH metrics and CAC progression was also observed in participants with no coronary calcium at baseline, who were not affected by this type of bias. Finally, our findings were based on a sample of young and middle-aged healthy Korean adults participating in programmed health screening exams, and our findings may not be generalizable to other age groups, race/ ethnicity groups, or populations in different settings.
In conclusion, a higher number of ideal CVH metrics score was a strong, independent, and graded predictor of prevalent CAC and its progression in a large cohort of healthy adults. The association between ideal CVH metrics and CAC progression was observed both in participants with zero CAC score and in those already with prevalent coronary calcium at baseline. Our findings suggest that maintaining a healthy life habits score could help reduce the development and progression of subclinical atherosclerosis and ultimately prevent clinically evident CVD.
